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Abstract 
This paper explains the basic principles related to design prediction for stress-and-strain state of load-bearing structures taken into account 
the stage-wise closing of the load-bearing structures system and changing the stiffness properties for members of the design model, 
external constraints, time histories of the pattern and values of loadings, time histories of nature of interaction between foundation-
mounted load-bearing structures and foundation structures. 
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1. Introduction 
The adopted methods and technologies of justifying calculations deliver quite an adequate prediction of stress-and-strain 
state of load-bearing structures for traditional buildings with simple architectural forms, insignificant building heights, loads 
and properties of soil foundation stable over time. 
Traditional calculation technologies accept the basic parameters of the design model as constants: a set of model’s 
elements, their geometry and stiffness properties, external constraints for the model and parameters of each bracing 
member. The model loads are also accepted as constants. Moreover, under the concept of 'superposition,' the loads grouped 
into the load cases applied independently to the initial (not deformed!) design model. 
2. Multiple Stage Approach in Erection Operations 
However, creating even relatively simple structures is not a single-stage process that leads to origination of the entire 
structure, with all the constituent elements, loads and external constraints. The practice of erecting facilities in construction 
is a multiple stage process, where one may single out separate stages of 'closing' a local system of load-bearing structures. 
This might, in one manner or another, include the operations of installing and removing some of the system elements, 
installing or removing ballast weights, adjusting the lengths of some particular elements, changing the state of certain 
constraints, etc. 
Each of those operations determines a certain stage of erection process characterized by a definite design model that 
differs from the design model of a completed structure. Furthermore, elements of the model that are included in the selected 
stage are subjected to the loads corresponding to the design model’s moment of existence under consideration. Completion 

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of a separate stage in erecting of a building leads to closing of a certain preliminary stress-and-strain state in the system, 
which might substantially influence the resultant behavior of the load-bearing structures. 
Some opportunities of modeling that process are available in a multitude of up-to-date software suites; SS LIRA and CS 
SCAD have a special 'MOUNTING' mode. In the ANSYS system this is called 'element birth and death technique.' 
The need to consider the above circumstances (stage-wise change in the design model’s parameters) in the justifying 
calculations of the structures being designed has been known for quite a while – for instance, in the calculations for bridges 
constructed by launching, or in the calculations for structures erected by tilt-lift method, whereby well-known implicit 
techniques have been applied: 
• repositioning of support points (modeled through placing and removal of constraints, as shown in Fig. 1); 
• changing gravity load direction (Fig. 2). 
However, the major option of erecting the construction facilities is the process of their incremental launching. These two 
methods of removal from / included elements into the system ('births' and 'deaths') could be considered. The above cases are 
illustrated by Fig. 3. 
The first case deals with a structure that is different from the previous one, has no removal elements and is only 
comprised by the included elements. 
In the second case no 'dead' elements are removed. These elements are instead deactivated by multiplying their stiffness 
values by a notable reduction factor, for instance by 10
–6. 
The calculation as in the first case is appropriate particularly in the designing of high-rise buildings with reinforced 
concrete framing (Fig. 4). The thing is that in the construction of each floor the formwork is put into position determined by 
the design, thus ignoring deformations of the lower structures. As a point of fact, design lengths of the columns that are 
being incremented by the settlement value of the erected part of the building have been adjusted.  
So each erection stage involves the operations of installing (removing) separate structural elements or their groups, 
adjusting the actual dimensions of load-bearing structural members, addition (deletion) of temporary constraints, changing 
of parameters for external constraints that link the system with the external environment, and so on. The basis of the 
calculation technology that allows for the above circumstances rests on the principle of stage-wise tracking of changes in the 
basic parameters of the design model (geometry, stiffness parameters of the model elements and constraints, loading and 
deforming) with the system closing at each (predetermined) stage of the building erection. A clear distinction is made 
between the summary stress-and-strain state of the system occurring at each erection stage, in view of all the preceding 
stages, and the stress-and-strain state increment caused by additional effects on the system, associated solely with the 
erection stage under consideration. 
 
Fig. 1. Modeling of the Launching Process 
 
Fig. 2. Modeling of the High-Rise Structure Tilt-lift Process 





















Fig. 4. Erection of a High-Rise Building of In-situ Reinforced Concrete:  
1 – erected part, 2 – formwork, 3– design elevations, 4 – additional part of column 
Generally, that formulation of the design prediction for stress-and-strain state complies with the principal provisions of 
Federal Law No. 384 [1] concerning the technical regulations on the safety of buildings and structures, Article 16 (Par. 4) of 
which defines: 'design models … of building structures and foundations shall reflect the actual operating conditions for a 
building or a structure…' It is evident that each stage of erecting the building, characterized by closing of the system, has its 
own values for the basic parameters of the design model, i.e. 'the actual operating conditions for a building or a structure.' 
All the calculations are made presuming validity of common assumptions in the linear structural mechanics for each 
erection stage. Generally, that problem becomes non-linear at the expense of changing the design model in the transition 
from one stage to another. Such non-linearity caused by the system origination history was named genetic [2].  
The overall theoretical substantiation for the calculation method that accounts for the history of originating, loading and 
deforming of the load-bearing structural system in high-rise buildings (i.e. genetically non-linear problems) are presented in 
the paper [3] wherein it is indicated that the deformed state of the system obtained in stage n – 1, in view of the system 
parameters changing in the stage-wise manner (from n = 1) and loads applied to the system at each stage, is the initial state 
for analyzing the n stage. Thus, coordinates of the nodes that are common for elements comprising the system at stage n – 1 
and n are accepted based on the results of the system solution in stage n – 1. 
For linear problem in stage n, we find displacement increments 
 1n n nU U U −Δ = −  
from equations 
 0 0, 0 1, ..., ,n n nK U f U n nΔ = Δ = =  (1) 
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where: 
0
U  – initial displacement, 
0
n  – number of erecting stages, 
n
K  – stiffness matrix of the structure erected in stage n , 
n
fΔ  – load in stage n, in view of reactions and local loads of elements removed in this stage. 
Further on, the displacement increments are used to determine stresses (internal forces) increment. 
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1( )D mK U −′  – tangential stiffness matrix, accounting for geometry changes, 
1( )N mK U −′  – stiffness matrix, accounting for impact of the accumulated stresses (internal forces). 
Thus, equations (2) have been solved at stage n , where: 
 
n
f f= Δ , 
and the initial displacements of nodes that are common for elements included into the system at stage n – 1 and n, for stage 
n shall be equal to the displacements obtained in stage n – 1. 
Solution for design problems taken into account genetic nonlinearity, implemented as a special calculation technology 
under conventional name 'Mounting' in separate calculation suites, for instance SCAD [4], enables solving the above 
problems related with changes of the system geometry in the process of erecting the building. The paper [5] cites 
verification results for calculation technology 'MOUNTING,' available in SCAD suite version 11.3 and higher. 
3. Changes in Structure Performance under Seismic Effect 
Contemporary engineering practice goes beyond solving a traditional class of problems which are mainly characterized 
by stable conditions of a building’s working life. Naturally, there exists a class of buildings for which over the course of 
their working life many parameters of the design model are subject to change, for instance the external constraint model. 
The structures being constructed and operated in earthquake endangered zones serve as the simplest example of those 
problems: the overwhelming duration of working life for those buildings is characterized by the action of loads from the 
basic load case combination, and only some of the structures may come under exposure of significant seismic effects 
(earthquake effects with magnitude 6 and more). 
It is evident that prior to the time of seismic effect in the buildings there originated the stress-and-strain state complying 
with the action of the basic load case combination, whereby implemented in the building were the constraints characterized 
by the nature of actual loads. For instance, the deformation parameters of the soil foundation act as functions of the soils 
deformation modulus that corresponds with the prolonged acting of loads during the working life. 
Thus, seismic effect may not be deemed as an independent loading acting on the undeformed design model of the 
building (with the exception of a little group of structures for which the seismic effects had occurred in the construction 
period), i.e. the principle of superposition in the action of loads fails to comply with real operation of the structure. 
Furthermore, in case of an earthquake that is, by nature, a short-term loading, the stiffness parameters of the foundation are 
determined by the soil body elasticity modulus, rather than by the deformation modulus, which drastically alters operating 
conditions for that structure. 
In view of the foregoing, the calculation technology that enables tracking the history of origination, loading and 
deforming of the structures and accounting the changes in the model’s basic parameters provides an opportunity of 
obtaining a more reliable structure behavior prediction under seismic effects. 
4. Other Cases of Changes in the Structure Performance 
The engineering practice indicates availability of cases that are more complicated from the perspective of a technology 
used to record changes in the design model parameters over the working life of a building. 
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An example may be the experience of engineering the building of a hotel for 'Mountain Carousel' sports and holiday 
complex at the site with the absolute elevation of +960 m, the design of which was developed in the lead-up to the 
Olympics. 
When designing the Mountain Carousel complex it was found that construction of the landslide protection works was 
required in a mountain ski slope area to ensure slope stability in special periods – during earthquakes and under the 
conditions of flooded slope soils (in the period of snow melting or abundant storm rainfall). 
The analysis of optional design solutions to the landslide protection works revealed the fundamental possibility of 
'integrating' a building with civil operating functions into the set of protective works – that solution would drastically 
improve efficiency of the costs on engineering protection of the construction site. The Customer finally approved the 
resolution to construct at the complex site the landslide protection works and the hotel building (4-star class) in the 
structures that guarantee both functioning of the hotel technology and the landslide protection of the slope sector (refer to 
Fig. 5). 
The following should be mentioned as distinctive features of the hotel being designed: 
1. The excavation wall structures of two types have been erected and operated during the construction period (refer to 
Figs. 5 and 6). Type 1 – excavation wall structures of single piles, fixed by ground anchorage for the period of 
construction. After the anchors are demounted, excavation wall structures of the 1
st type transmit load from the ground to 
the load-bearing structures of the hotel building during the working life. Type 2 – reinforced structures of excavation 
wall (made of 3-pile buttresses) are located in the area of elevation difference between seismic bays of the hotel. The 
type 2 wall structures, located in the building plan, also serve as foundation structures for the corresponding bays. 
2. In the working life, given the soil parameters complying with normal conditions (without flooding of soils or seismic 
effects), the soil body of the slope is generally stable and generates no essential landslide pressure.  
3. When the soil body is flooded, the slope goes unstable and landslide pressure is generated. 
4. In case of earthquakes the slope goes unstable and landslide pressure is generated. 
The load-bearing structures of the hotel building are designed from in-situ reinforced concrete as cross-wall structure. 
The building foundation is comprised by piles with the foundation framework of in-situ reinforced concrete slabs. The bulk 
volume of the pile foundation is designed of single in-situ piles with diameter 800 mm. In separate sections the pile 
foundation has been designed as of reinforced pile structures – 3-pile buttresses comprised by in-situ piles (with diameter 
800 mm). Parts of the reinforced pile foundation are designed in the areas of predicted landslides that might occur in special 
periods of building operation. 
  
Fig. 5. Cross-section diagram of the hotel being designed: 1 – Single piles in excavation wall, fixed by ground anchorage;  
2 – Single piles of the pile foundation; 3 – Three-pile buttresses – reinforced piles; 4 – Ground anchorage; 5 – Single piles of excavation lining 
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Fig. 6. Diagram of the pile foundations for a hotel being designed: 1 – Single piles in excavation wall, fixed by ground anchorage;  
2 – Single piles of the pile foundation; 3 – Three-pile buttresses – reinforced piles 
5. Modeling Pile Operation 
In view of the substantially varying stiffness of the pile foundation structures, the operational behavior of those pile 
structures differs, too. 
In the main working life (under zero landslide pressure) the pile foundation not only perceives the vertical loads from the 
hotel building, but also the soil pressure that occurs in the uphill side of the building. In that case, subject to the method 
described in SNiP 2.02.03-85 [6], approximation of the pile foundation structures in a design model may be implemented by 
separate finite elements as a cantilever beam with the corresponded length l0, which is a function of the horizontal load and 
soil properties, and additional finite elements as elastic constraint under the Z axis (Fig. 7). 
Stiffness EI of the pile approximating beam element and its design length l0 under acting of horizontal loads applied in 
the level of pile fixing into the foundation framework are determined under a well-known pattern as per SNiP 2.02.03-85 
[6], whereby the interaction of the beam (pile) and the surrounding soil has been considered, wherefore an elastic foundation 
with the physical-mechanical properties complying with the loading moment is entered along the lateral side of the pile. The 
modulus of subgrade reaction that defines the deformation properties of the soil under the lateral surface of the pile is 
calculated under proportionality factor К, whose values are presented in SNiP 2.02.03-85 with the spread of 1.5÷1.8 times. 
The physical-mechanical properties of the soil for the main working life and specific periods of the working life 
(flooding and seismic effects) have drastic differences. For instance, in conditions of soil flooding the internal friction angle 
is diminished 25–35%, and the specific cohesion value is reduced from 10–15% to 1.5÷2.0 times, which causes a drastic 
difference in parameters for an external constraints model. 
Essential for determining of the design length l0 of the beam finite element has also been the value of horizontal force 
that acts on the pile. 
Thus, taken into account the peculiarities of loading the piles by horizontal loads at various moments of the working life, 
design parameters EI and l0 of the pile approximating beam finite element shall vary in different design cases – for the main 
working life and for specific periods of the working life. 
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Fig. 7. Design model of a pile under horizontal load (the hatched dotted line shows the level of conventional restraint) 
It is evident that the probability for occurrence of that specific case in the working life, such as flooding of soils (the case 
of abundant storm rainfall or snow melting), is higher by orders than the probability of occurring the seismic effect. Hence, 
the stress-and-strain state of a load-bearing structures system that originated during the main working life and changed in 
the period of flooding the foundation soils shall be an initial state for design analysis of seismic effect occurrence. Such 
'inheritance' of the deformed state of structures from one design case to another cannot, in principle, be implemented using 
traditional calculation technologies that are based on analyzing of 'instantaneously' occurred design model subjected to 
loadings acting independently. 
The problems of modeling an elastic constraint between the load-bearing structures and the body of soil may, in case of 
tracking the loading history and structural deforming, be solved using two methods: 
a) a) by restraining the points where pile fixing into the foundation framework using elastic constraint, with the 
corresponded parameters in all the degrees of freedom, 
b) b) by installing into the points where pile fixing into the foundation framework the finite element with 6 degree of 
freedom and corresponded stiffness parameters and the design length. 
Most suitable in terms of performing the calculation technology is the second modeling approach. However, to account 
for various design cases (the main working life and two special cases in the working life) one point of the foundation 
framework needs to be attached to three diverse finite elements with various stiffness parameters. Under the 'MOUNTING' 
technology, the relevant element is activated for the main working life stage; for the soil flooding stage an element with 
different stiffness parameters has been activated, and the element included into the previous stage is deactivated; for the 
seismic effect stage, a beam element with the required stiffness parameters has been added into the set of design model’s 
elements. 
The stress-and-strain state of a design model formulated at each stage taken into account stiffness values of the activated 
elements for the corresponded stage has been an initial condition for the next stage of analysis. 
Performance analysis for foundation structures comprised by in-situ piles at various stages of the working life indicates 
that the pile foundations of low and high stiffness have drastically different behavior. Within the main working life all the 
piles take vertical loads from the building and horizontal loads from the soil, occurring in the uphill side of the building, and 
in specific cases (when exposed to flooding or seismic effects) the reinforced piles ensure slope stability, i.e. take the 
landslide pressure. (Single piles take a negligible value of the landslide pressure because of their low stiffness). 
In specific periods the 'buttress' structural element drastically alters its function in the general design model of the 
building – from the element that implements an external constraint it evolves into the state of a loading element via which 
the landslide pressure is transferred to the foundation framework of slabs and the foundation-mounted structures of the 
building. At the same time the pile structures retain the function of transferring vertical loads from the building to the 
foundation. 
In our case the method of approximating the 'buttress' structural element using a beam element cannot be deemed 
acceptable – one beam element should account for essentially different peculiarities of the buttress behavior. Most 
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complicated aspects (in terms of approximation) include the loading pattern of a pile with the landslide pressure along with 
the pile restraint both at the level of foundation framework and in the design point of the soil foundation. 
The analysis of potential methods for modeling the 'buttress' structural element in case of designing in several stages, 
along with the varying structure performance, the following method of approximation has been recognized as appropriate. 
This method uses installation into the area of pile anchorage in the foundation framework of a 'rigid body' finite element, 
that approximates the node of pile joint with the slab foundation framework, whereas the force interaction between the pile 
and the foundation framework may be taken into account by loading of the pile anchorage node in the foundation 
framework using design values of the moment as a loading effect from the soil pressure (Fig. 8). The loading effect also has 
the varying value (which is natural!) for the main working life (soil pressure from the uphill side of the building) and for 
specific cases – for conditions of soil flooding and for seismic effects (landslide pressure of the soil body). 

Fig. 8. Diagram of modeling 'buttress' structural element subjected to landslide pressure 
Elastic properties of the 'buttress' structural element are modeled using such elements as elastic constraint, installed into 
the node where pile fixing into the foundation framework, with varying value corresponding to the stiffness parameter for 
various operating conditions of the structure (static, flooding, seismic exposure). 
Design values of stiffness parameters for pile foundations of various types, elastic constraints of finite stiffness, and 
values of the landslide loads for the hotel building being designed have been developed by professional geotechnical 
engineers (S. V. Kurilo, A. B. Skorokhodov). 
Results of the geotechnical calculations served as a basis for compiling the tables of stiffness parameters for each single 
pile and 'finite stiffness constraint' FE parameters for 3-piled buttresses. Additionally, for the latter the values of the moment 
have been calculated as a loading effect caused by landslide pressure for specific cases in the working life. Tables 1–3 
provide data for the upper left (for position on the plan refer to Fig. 3) of the building bay (Fig. 9), the pile numbering 
scheme is given by Fig. 10. 
Table 1. Stiffness parameters for each single pile and 'finite stiffness constraint' FE parameters for 3-piled buttresses as well as the values of the moment as 
a loading effect caused by landslide pressure for main working life case 
Pile No. 
Main Working Life 


















1, 6 6.33 3.007 5.048     
2, 3, 4, 5 8.24 3.817 5.404     
7–49, 12–54 6.68 3.186 3.754     
8–11, 50–53 8.43 3.896 3475     
55 10.84 6.644 3.632     
56–59 13.98 7.925 2.730     
61, 66    17,581.0 1,296.3 1,450.0 102.38 
62–65    12,205.7 1,296.3 1,450.0 93.95 
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
Fig. 9. General view of the block design model 

Fig. 10. Pile labeling scheme 
Table 2. Stiffness parameters for each single pile and 'finite stiffness constraint' FE parameters for 3-piled buttresses as well as the values of the moment as 
























1, 6 4.52 4.232 3.528      
2, 3, 4, 5 5.84 4.666 3.731      
7–49, 12–54 4.76 4.380 2.668      
8–11, 50–53 5.95 4.677 2.438      
55 5.95 10.45 3.134      
56–59 11.38 10.37 2.291      
61, 66    18,249.5 860.18 1,300.0 172.1 ±61.1 
62–65    12,809.0 860.18 1,300.0 154.6 ±41.8 
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Table 3. Stiffness parameters for each single pile and 'finite stiffness constraint' FE parameters for 3-piled buttresses as well as the values of the moment as 
a loading effect caused by landslide pressure for flooding of foundation soils case 
Pile No. 



















1, 6 4.97 7.132 3.922     
2, 3, 4, 5 6.52 8.481 4.214     
7–49, 12–54 5.26 7.475 2.950     
8–11, 50–53 6.66 8.579 2.736     
55 9.74 18.10 3.326     
56–59 12.41 19.60 2.467     
61, 66    17,955.95 860.18 1,300.0 87.85 
62–65    12,548.11 860.18 1,300.0 74.68 
6. Conclusion 
The problem of a reliable prediction of stress-and-strain state for buildings and structures under exposures that load the 
building in various working life periods (whereby the subsequent effects shall 'inherit' the preceding deformed state), and in 
the context of changing basic parameters of a design model under different loading conditions may be solved with the 
appropriate accuracy level only provided the application of a calculation technology based on the history of originating, 
loading and deforming of a building’s load-bearing structures. 
Considered example illustrates the situation which occur often and often in design practice when in the course of 
operating period of the building the values and character of loads and effects as well as structural behavior of an element in 
design model of the building can be significantly changed. 
This fact should be taken into account in structural designing. But in scope of traditional calculation technologies to 
perform structural analysis taken into consideration a variation of the basic parameters of the building design model is 
practically impossible in the transition from one stage to another. 
Results of the presented study shown that under variations of certain parameters of the model the correct results should 
be obtained if the groups of the finite elements which are corresponded to the considered stage of operational period will be 
included in design model. Specified calculation technique has been realized in software package SCAD [4]. 
Presented paper does not consider structural behavior with physical non-linearity. But it has not an influence on principal 
conclusion about necessity to take into account in the estimated study the history of erection, loading and deforming of the 
structural members including variations in structural behavior of the members during operational period. 
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